Growing axons use environmental cues to guide them to their targets. One class of cues is thought to be adhesion molecules on cells and in the extracellular matrix that axons interact with as they grow to their targets. In choosing between two possible pathways, the relative adhesiveness of the two substrates could be an important factor in controlling neurite growth. We conducted experiments in vitro to study how naturally occurring adhesion molecules influence neurite growth. Neurite growth rates, the degree of neurite fasciculation, the choices neurites make between two substrates, and the relative adhesiveness of different substrates were examined.
We found that the relative adhesiveness of a substrate was a poor predictor of either axon growth rate or the degree of fasciculation.
Furthermore, neurites showed little selectivity between three different naturally occurring substrates, Ll, N-cadherin, and laminin. These results suggest that some adhesion molecules may serve as permissive substrates in that they can define axonal pathways but they do not provide information about which path to take at a choice point or about which direction to go along the path. Finally, these results suggest that substrates in viva may not exert their effects on axon guidance principally via relative adhesiveness.
Understanding how axons are guided to their targets is a central problem in developmental neurobiology. Several different mechanisms have been proposed to subserve this function. These include diffusible tropicmolecules, channels, or substrate molecules patterned to provide pathways to targets. Substrate-bound adhesion molecules, such as cell adhesion molecules (CAMS) or extracellular matrix molecules, could regulate axon growth through a variety of mechanisms. Letoumeau (1975) performed an important experiment that indicated axons might choose pathways based on simple adhesive hierarchies. He found that axons prefer to grow on polyomithine and collagen rather than palladium-coated surfaces and that axons prefer palladium to tissue culture plastic; these preferences correlated with the strength of binding of the growth cones to the various surfaces. The positive correlation between adhesivity and growth cone selectivity established by these studies has been widely inter-preted to indicate that axons in vivo choose between different paths by growing along the more adhesive one (for reviews, see Lockerbie, 1987; Sanes, 1989) .
Over the past few years, several observations have been made that suggest that substrate molecules can have complex influences on neurite growth. For example, leech neurons in vitro show no selectivity for growth on two different substrates but the morphology of the neurites (Chiquet and Nicholls, 1987) and the localization of Ca*+ channels on the neurites (Ross et al., 1988) differ depending on the substrate. Similarly, neurites of sympathetic neurons in vitro express either axonal or dendritic properties depending on the substrate (Lein and Higgins, 1989) . These observations indicate that a substrate can have an instructive influence on neurite growth, causing dramatic alterations in plasma membrane and cytoskeletal composition. Neurites have been found not to show oriented growth when extending over a gradient of laminin (McKenna and Raper, 1988) and the rate of growth and neurite initiation is relatively insensitive to laminin concentration (Buettner and Pittman, 199 1) . Such findings suggest that some substrate molecules may be permissive, inducing neurite elongation, but not instructive, in the sense of directing growth in a particular direction along a pathway or indicating which way to go at an intersection between two pathways. Substrates also may have an inhibitory influence on neurite outgrowth. Bonhoeffer and associates have shown that temporal retinal axons, when given a choice between anterior and posterior tectal membranes, prefer to grow on membranes from anterior tectum, and that this selectivity is due to the presence of an inhibitory substance on the posterior tectum (Walter et al., 1987) . Similarly, proteoglycans (Snow et al., 1990) and proteins produced by oligodendrocytes (Schwab and Schnell, 199 1) have been shown to inhibit axon growth in ways that can direct axon pathway selection. Finally, dorsal root ganglion neurites prefer laminin to collagen yet their growth cones bind more weakly to laminin than collagen (Gundersen, 1987) suggesting that a neurite's response to a substrate is independent of its adhesiveness.
In the studies reported here, we have examined three of the CAMS and extracellular matrix molecules that promote neurite growth. We compared the ability of Ll, N-cadherin, and laminin, as well as poly-L-lysine (PL), to promote neurite outgrowth, to affect the degree of neurite fasciculation, and to influence the choices neurites make between substrates with different adhesivities for growth cones. Ll and N-cadherin were chosen because of their presence on axons, their proven ability to support neurite growth, and their likely importance in axon growth and fascicle formation in vivo. Laminin was tested because of its potent neurite growth-promoting properties and its presence in developing axon pathways. We tested it in two presentations, either on nitrocellulose or PL because (1) nitrocellulose was used to adhere the two CAMS yet many other investigators use PL to increase laminin binding to plastic and (2) preliminary experiments showed that neurites responded slightly differently to laminin with the two different methods. PL was used because it represents the interesting case of a substrate that supports neurite growth yet probably does this despite the absence of a bona fide cell surface receptor on neurites for this substrate. Moreover, PL is widely used as a substrate for neuronal attachment in cell culture experiments. If growth cone behavior is determined principally by degree of adhesion to a given substrate, then PL should be a good substrate for predicting growth cone behavior. To interpret the following experiments, it was crucial that the experiments be done on a relatively homogeneous population of growth cones. For this reason, the very long neurites that emerge from chick retinal explants were chosen. They grow from retinal ganglion cells, and the neurites express axonal markers such as Ll , Fl 1, neurofascin, and phosphorylated neurofilament.
We found that the adhesivity of a substrate was not correlated with the degree of neurite fasciculation or growth rates. A major and unanticipated finding was that neurites showed little selectivity when permitted to choose between Ll, N-cadherin, or laminin. Because Ll is much more adhesive than N-cadherin or laminin, this suggests that relative substrate adhesiveness is not a principle factor in guiding axon growth.
Materials and Methods
Preparation ofsubstrates. Nitrocellulose was obtained from Schleicher and Schuell. Laminin was obtained from GIBCO, Collaborative Research, or Upstate Biotechnologies. Poly-L-lysine (PL) was obtained from Sigma. Rat Ll and chick Ll were purified using an affinity column conjugated to 74-5H7 (Lemmon et al., 1989) or 8D9 (Lemmon and McLoon, 1986) antibodies, respectively. N-cadherin was purified using antibody NCD-2 (Hatta and Takeichi, 1986) as described by Bixby and Zhang (1990) .
Corning 35 mm tissue culture dishes were coated with a solution of nitrocellulose (NC) dissolved in methanol (Lazenaur and Lemmon. 1987) . Laminin dishes were coated with a 1 mg/ml solution of laminin in Ca2;/ Mgz+-free Hank's buffer (CMF). Rat Ll, chick Ll, and N-cadherin were used, with protein concentrations of 0.8, 0.3, and 0.1 mg/ml, respectively, determined by the Pierce BCA protein assay. These concentrations of substrates were assumed to produce a saturating effect on growth cone behavior because IO-fold dilutions of the substrates resulted in identical responses from the neurites. Substrates were applied by spreading 20 pl of substrate solution across an NC-coated dish, followed by blocking with 1 ml of fetal bovine serum (FBS) and storage in 1.5 ml of plating medium. Plating medium consisted of Dulbecco's modified Eagle's medium (DMEM)/lO% FBS/S% chick embryo extract (CEE) and penicillin/streptomycin/fungizone (PSF). Dishes were incubated at 37°C in 5% CO,, 95W air while retinal explants were prepared.
Poly-L-lysine dishes were prepared by incubating 35 mm tissue culture dishes in 0.1 mg/ml PL in sterile distilled water for 3-2 hr at 37°C in 5% CO,. 95% air. These dishes were rinsed twice with CMF and incubated'in plating medium until used for retinal explant plating. For laminin-PL dishes, PL-coated dishes were incubated with a solution of 10 &ml laminin in CMF at 37°C in 5% CO,, 95% air. The laminin solution was then replaced with plating medium and incubated during preparation of retinal explants.
Preparation ofretinal explant strips. Fertilized White Leghorn chicken eggs were incubated in a humidified, forced-air incubator at 39°C. Embryonic day 7 or 8 (E7 or E8, corresponding to Hamburger and Hamilton stages 28-29) embryos were used for cultures. The procedure for retinal explant cultures has been previously described (Halfter et al., 1983; Drazba and Lemmon, 1990) . Retinal explant strips were incubated at 37°C in 5% CO,, 95% air for 40-48 hr before use for growth rates or blasting experiments.
Growth rateassessment. Neurite growth rates on the various substrates were assayed with time-lapse video microscopy. Cultures were removed from the incubator, and either additional prewarmed (37°C) plating medium (DMEM/lO% FBS/S% CEUPSF) was added or the medium was exchanged with prewarmed HEPES-DMEM/lO% FBS/S% CEU PSF (DH 7.1). Dishes were then coverslioned and ulaced in a heated stage hng of a Sensortek TS-4 temperature controller on a Leitz Diavert microscope. The ring maintained the culture medium temperature at 37°C. The microscope was in a Plexiglas incubation chamber to decrease temperature variability. A continuous flow of 5% CO,, 95% air was pumped into the incubation chamber if the dish contained normal plating medium. Time-lapse video images were obtained with a Javelin Chromachip II camera and Javelin Heliquad time-lapse video recorder at setting 216. Under these conditions, cultures remained healthy for greater than 8 hr of recording time, although most recording sessions were limited to 8 hr maximum per dish. Neurite growth was reviewed on an NEC monitor, transparency traces were made at approximately 30 min intervals, and the distance was measured between time points with a Bioquant Image Analysis System IV. A 10 x objective was used for all measurements, and growth rates were assessed as micrometers of growth per hour. Growth cones used for growth rate analysis were limited to single growth cones that grew unobstructed and without retraction during the videotaping.
Fasciculation assessment by scanning electron microscopy. Explants with neurites were rinsed briefly in fresh medium cooled to 4°C. The explants were then fixed for 2 hr at 4°C in 4% glutaraldehydeM% sucrose in 0.1 M sodium cacodylate buffer, pH 7.4. The fixed specimens were washed for 1 hr at 24°C with 4% sucrose in 0.1 M sodium cacodylate, pH 7.4, and then incubated for 30 min in 1% osmium tetroxide in 0.1 M cacodylate buffer. A conductive coating was chemically deposited onto the specimen surface by two cycles of 15 min incubations in (1) 1% tannic acid buffered with 0.1 M sodium cacodylate, pH 7.4, followed by (2) 1% osmium tetroxide in 0.1 M sodium cacodylate (Postek et al., 1980) . The specimens were dehydrated in an ascending ethanol series, transferred from 100% ethanol to Freon 113, and dried in a critical point drying apparatus. The dried covet-slips were mounted onto aluminum stubs, coated with gold, and viewed with a scanning electron microscope. Neurite fasciculation on each substrate was assessed visually, and no obvious change in fasciculation was detected between 24 and 48 hr cultures on the same substrate. A quantitative assessment of fasciculation was made by photographing five random fields on each substrate at 800 x . The widths of fascicles in each field were measured.
Growth cone blastingladhesivity assay. Adhesivity of retinal ganglion cell growth cones on various substrates was measured using a modification of an assay previously described (Gundersen and Barrett, 1980) . Explants in culture 40-48 hr were used to correspond to the growth rate data. Dishes were removed from incubation, the medium was exchanged with prewarmed (37°C) HEPES-DMEM/lO% FBS/5% CEE/PSF (pH 7.1), and the dishes were placed in the same microscope system used to measure growth rates. Individual growth cones were observed using a 20 x objective, and a grid eyepiece was used to measure the distance from the leading edge of the growth cones and the pipette tip.
The blasting apparatus consisted of a 1 -mm-diameter capillary pipette pulled to a 1.5 pm opening, filled with plating medium, and attached to a General Valve Picospritzer II via tubing. The driving force of the Picospritzer was N, gas maintained at 40 pounds psi. Once a single growth cone was sighted, the pipette tip was positioned with a micromanipulator 25 pm directly in front of the leading edge of the growth cone. The pipette was angled at 45" to the dish surface and lowered into the dish medium until the tip was within 5 pm of the dish surface. Medium was squirted through the pipette tip opening toward the growth cone at separate intervals beginning with a 10 msec duration and increasing by 10 msec with each trial. This "blasting" process was continued until the growth cone was completely dislodged from its original position on the dish surface, or until a blast duration of 200 msec was reached. While the values obtained from these experiments cannot be related to any physical force such as microdynes (Heidemann et al., 1990 ) subjective impressions of the experimenters were that a blast of 40 msec produced a relatively weak puff incapable of dislodging most cells or their processes and that a blast of 160 msec produced a gale capable of detaching large adherent aggregates of cells from the dish. At least 20 growth cones were blasted from each of the five substrates using the same pipette tip. Dishes used for blasting were kept out of the incubator for a maximum of 20 min. Only those experiments in which the same pipette was used for blasting of growth cones on all five sub- strates were compiled for the final adhesivity assessment, although incomplete experiments (less than five substrates with the same pipette) also showed the same adhesivity trend. Pipette tips were examined after each blasting experiment, and the opening was measured.
Statistical analysis. The STAT-VIEW II statistical analysis program was used to analyze data from the growth rate and growth cone blasting experiments. Analysis of variance was done on both data sets. However, because the growth cone blasting experiments did not produce parametric data (McCall, 1970) , pairwise comparisons were made between different substrates using the Mann-Whitney U test. Choice experiments. Alternating, parallel lanes of substrates were applied to tissue culture dishes with a silicone matrix generously donated by F. Bonhoeffer (Max-Planck-Institut fti Entwicklungsbiologie, Ttibingen, Germany), using a modification of a previously described procedure (Vielmetter et al., 1990) . Briefly, the sterilized matrix was laid with the channel side facing the surface of an NC-coated Falcon 60 mm tissue culture dish. A 10 ~1 aliquot of fluorescein-labeled substrate was injected into the inlet channel, incubated for 3 min at room temperature, and then replaced with a fresh substrate aliquot for five separate incubations of 15 total min. Fresh substrate exchanges were used to compensate for the small volume of the channels and to ensure even binding of the substrate to the dish. The substrate lanes were then saturated with inert protein by injecting a 20 pl aliquot of sterile 4% bovine serum albumin (BSA) in dH,O. Three separate injections of BSA at room temperature were used for a total incubation time of 10 min. The lanes were then washed with three quick passes of CMF, and the matrix was removed from the dish. The second substrate was applied to the sites between the channel lanes by spreading 20 pl of substrate across the entire lane area. The second substrate was incubated in the covered dish for 15 min at room temperature, with frequent tilting of the dish to ensure even coating. Dishes were then rinsed with CMF and stored in plating medium in 37°C in 5% CO*, 95% air until used for plating (up to 16 hr). For each experiment, substrate 1 was applied to the channels in one dish with substrate 2 spread across the lane area, while substrate 2 was applied to the channels in a second dish with substrate 1 spread across the lane area. This provided a control that demonstrated that the order of substrate application did not affect neurite outgrowth preference. As with the conditions used in the other experiments described above, it was concluded that the substrate molecules were applied in high concentrations that would saturate the NC-coated plastic because lo-fold dilutions of the substrates produced similar neurite growth characteristics. Inclusion of fluorescent markers with the different adhesion molecules showed that there was no detectable cross-contamination of adjacent lanes. Retinal explants were laid perpendicular to the substrate lanes in these dishes, and the neurite outgrowth was assessed at 24,48, and 60 hr after plating. At the completion ofthe experiment, the cultures were fixed with 1% paraformaldehyde, 0.0 1% glutaraldehyde in 0.1 M phosphate buffer for 45 min, followed by two 0.1 M phosphate buffer rinses. The cultures were coverslipped, and the position of fluorescent substrate lanes was confirmed by viewing with an epifluorescence Leitz microscope. Fasciculation. Axons of projection neurons are usually found in bundles, growing in tracts in the CNS and in nerves in the PNS. The formation of these bundles is determined by choices the axons make; should they grow along other axons or should they grow through other terrains composed of extracellular matrix, glia, neuronal dendrites, or somas? When they choose to grow along other axons they form bundles or fascicles. The degree of fasciculation of neurites is extremely difficult to quantify both in vivo and in vitro. To assess fasciculation, we relied upon both qualitative and quantitative parameters: observation of growth cone encounters with neurite shafts during time-lapse video, examination of fixed cultures using both light microscopic and scanning electron microscopic techniques, and measuring fascicle width from scanning electron microscopic photographs. Time-lapse videos indicate that fasciculation is primarily determined by growth cone behavior. When a motile growth cone encounters a neurite, it may collapse and retract, it may adhere to the neurite and turn and grow along it forming a fascicle, or it may cross under or over the neurite and continue to grow along the substrate. We never observed neurite shafts that were adherent at one point to zip up from the point of contact to some distant point to form a fascicle.
Comparison of patterns of neurite fasciculation on different substrates (see Fig. 1 ) revealed distinctive growth patterns for the different substrates. On PL, the neurites emerged slowly from the explant as large, highly interwoven mats of neurites. Bundles containing many neurites would exit the mats and grow relatively short distances on the PL. The time-lapse videos revealed numerous lamellipodial and filopodial projections emerging from the growth cones and contacting either the PL or adjacent neurites. In the vast majority of the cases, the projections would fail to adhere to the PL but would usually form stable contacts with neuronal surfaces and therefore formed very compact fascicles. On laminin-NC, the neurites emerged rapidly from the explants and tended to grow as multiple bundles, with each bundle containing many neurites, although individual neurites were observed. The neurites on Iaminin-PL grew individually or as bundles with a few neurites. If a neurite growing on laminin encountered another neurite, it would frequently alter its course to grow along the preexisting neurite. Ll and N-cadherin substrates produced the most defasciculated growth. Time-lapse videos revealed that on Ll the neurites would emerge as a broad front of independent growth cones growing in close proximity to each other but always choosing to grow along the substrate and not on other neurites. When examining fixed cultures with the light microscope, similar neurite growth patterns were observed on N-cadherin and Ll. The scanning electron microscope, however, revealed obvious differences between neurites on Ll and N-cadherin; Ll produced a significantly more defasciculated pattern of growth. On Ll the neurites flatten out (Payne et al., 1992) , resulting in a slightly larger mean fascicle diameter on Ll compared to N-cadherin. This is despite the fact that virtually all the neurites on Ll grew individually and not in fascicles while only about 20% of the neurites on N-cadherin were not in bundles with other net&es. The mean fascicle diameters on the various substrates were (in pm) Ll ,0.884 f 0.035; N-cadherin, 0.637 f 0.036; laminin-PL, 1.384 f 0.103; laminin-NC, 1.705 -+ 0.12 1 (mean f SEM). N-cadherin fascicles were significantly different from fascicles on laminin at the 0.0001 level.
Growth cone adhesion. Measurement of growth cone adhesion is difficult and may be influenced by factors such as growth cone size and shape, the number of receptors expressed on a growth cone for a given substrate, and the number of adherent filopodia emerging from the growth cone. While the adhesion data obtained in our experiments cannot be directly related to any physical force, the data can be used to rank relative adhesion. The results of five different experiments are presented in Table  2 . Ll was most adhesive, followed by PL, laminin-PL, N-cadherin, and laminin-NC. The rankings obtained from the experiments were very reproducible. In the five experiments, there was only one instance, in experiment 3, where there was a reversal in ranking between the two substrates, N-cadherin and laminin-PL, that consistently had very similar adhesiveness. Pairwise comparisons of the substrates using the Mann-Whitney U test revealed that different substrates had significantly different adhesiveness (at least at the 0.05 level) for all possible combinations except N-cadherin versus laminin-PL. For this pair, only one of the five experiments met the 0.05 level criterion for being significantly different. Therefore, we conclude that Ncadherin and laminin-PL have relatively similar adhesiveness for chick retinal ganglion cell growth cones. In separate exper-iments, the adhesiveness values of rat Ll and chick Ll were not significantly different from each other (data not shown).
To determine if there is a correlation between growth cone adhesion to different substrates and either fasciculation or neurite growth rate, we chose to rank the results of the different experiments because the measures of adhesion and fasciculation do not meet the requirements of having magnitude, equal intervals, and absolute zero point that would permit direct correlation of the data (McCall, 1970) . If substrate adhesiveness was positively correlated with neurite growth rate and defasciculation, then a three-dimensional plot of this would appear like that in Figure 2A . In our experiments, the least adhesive substrate (laminin-NC) was given a rank of 1, the most adhesive substrate (Ll) was given a rank of 5, and the two substrates that were not significantly different from each other (N-cadherin and laminin-PL) were given equal ranks of 2.5 (Fig. 2B) . For comparison, the mean growth rates on each substrate were used to rank the substrates. This analysis indicates there is a very poor correlation between growth cone adhesion and growth rates. Although there is a trend for the most adhesive substrates to have slower growth rates, neurites grew five times faster on the most adhesive substrate (Ll) than on the fourth-ranked substrate (PL). To examine the relationship between adhesion and fasciculation, the substrate that produced the most defasciculated neurite growth (Ll) was given a rank of 5 and the substrate that resulted in highly fasciculated growth (PL) was given a rank of 1. Again, there was a very poor correlation between adhesivity and degree of fasciculation. Neurites do grow in a highly defas- Figure 2 . Correlation between substrate adhesiveness, neurite growth rates, and neurite fasciculation. A shows the expected graph if increasing adhesiveness produced faster neurite growth and less fasciculation. B shows the plot of the actual data obtained. See Results for discussion. ciculated manner on Ll , the most adhesive substrate, yet neurites are the most fasciculated on PL, the second most adhesive substrate. Also, two substrates that were judged to be equally adhesive, N-cadherin and laminin on PL, gave very different patterns of fasciculation.
Choice experiments. To determine the preferences of neurites for different substrates, we used a system that produces alternating lanes of different adhesion molecules (Vielmetter et al., 1990) . The advantage of this system is that after application of the first adhesion molecule, it is possible to block the NC with a neutral protein before application of the second adhesion molecule to the alternate lanes. This greatly minimizes the amount of cross-contamination between the parallel lanes of substrates. Inclusion of fluorescently labeled proteins with the adhesion molecules indicated no cross-contamination of the substrates, as assessed with a fluorescence microscope. When neurites were given a choice between laminin and PL, Ll and PL, or N-cadherin and PL, the neurites always grew on the glycoproteins and not on the PL (data not shown). Therefore, neurites can show substrate preference in this assay. However, neurites showed relatively little selectivity when given choices between laminin and N-cadherin, laminin and Ll, or Ll and N-cadherin, although there was a weak tendency for neurites to prefer N-cadherin (Fig. 3) . In all three cases, neurites were observed to grow from one substrate onto the second and then continue to an adjacent lane of the first substrate. The order of substrate application did not alter this result, consistent with a lack of crosscontamination of adjacent lanes of adhesion molecules. Due to the much more adhesive nature of Ll, the failure of neurites to localize on this substrate indicates that neurites are not selecting lanes by preference for more adhesive substrates.
Discussion
The mechanisms that determine growth cone choice of appropriate pathways through the developing CNS and embryo are undoubtedly complex and diverse (Walter et al., 1990; Reichardt and Tomaselli, 199 1; Strittmatter and Fishman, 199 1) . There is general agreement that adhesion to a substrate is a prerequisite for neurite growth and that filopodial or lamellipodial attachment to a substrate may modulate the rate of neurite elongation (Lockerbie, 1987; Bray and Hollenbeck, 1988) . A reasonable prediction from these observations is that neurites might grow more rapidly on more adhesive substrates. This is the case when artificial substrates such as tissue culture plastic, polyornithine and PL are compared (Letoumeau, 1975) . In our experiments, when naturally occurring substrates for neurite growth such as laminin, Ll, and N-cadherin were compared, there was, if anything, a negative correlation between substrate adhesivity and neurite growth rate. This is consistent with recent computer modeling of cell migration, which suggests that migration rates show a biphasic response to substrate adhesiveness. Migration rates increase as adhesiveness increases, but eventually the migration rates decrease to zero on very adhesive substrates (DiMilla et al., 1991) . We observed, however, that the most adhesive substrate, Ll, induced much higher neurite growth rates than the second most adhesive substrate, PL. One explanation for this observation is that cell surface receptors, such as Ll and integrins, may interact with cytoplasmic second messenger systems (Bixby, 1989; Schuch et al., 1989; Tomaselli and Reichardt, 1989 ) that actively regulate growth rate by controlling cytoskeletal assembly or disassembly or membrane insertion rates. PL would not be expected to interact with similar signal transduction systems. Neurite fasciculation in vitro and in vivo has been described as the result of competition between axon-growth cone and axon-axon adhesion versus growth cone-substrate adhesion. For example, if growth cone-substrate adhesion is relatively high, then defasciculated neurites will be produced. Altematively, if growth cone-axon adhesion is relatively high, then highly fasciculated neurites will appear (Rutishauser et al., 1988; Schubert and Klier, 199 1) . Data from experiments in which antibodies were employed to disrupt fasciculation have been interpreted to support this notion. For example, antibodies to NCAM and Ll cause defasciculation of neurites growing on laminin. Moreover, the ability of antibodies to disrupt fasciculation suggests that fasciculation depends on decisions made at the growth cone. The addition of antibodies during neurite growth inhibits fasciculation (Rathjen et al., 1987b) yet the same antibodies added at the same antibody concentration to established fascicles of live neurites, in the "cartwheel assay," do not result in a defasciculation of the neurite cables (Chang et al., 1987) . The results of the present experiments indicate that substrate adhesivity is a poor predictor of the degree of neurite fasciculation. Two substrates with relatively similar adhesivity, N-cadherin and laminin, produce very different patterns of fasciculation, with fascicles on laminin being on average twice as thick as those on N-cadherin. Furthermore, growth cones growing on Ll and N-cadherin both produce highly defasciculated patterns of neurite growth, yet L 1 and N-cadherin have extremely different adhesivities. Finally, PL, the second most adherent substrate, produces highly fasciculated outgrowth. Therefore, our findings suggest that the factors that cause neurite fasciculation are more complex than a simple competition between the adhesivity of growth cones for axons or the surrounding cells and matrix.
